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Axial and swirling airflows were need to break 
up water jets and sheets into sprays of droplota to 
determine the overall effects of orifice diameter^ 
weight flow of air* and the use of an sir ewirlar 
on finenaes of atomisation as characterised by mean 
drop al£e« A scanning radiometer was used to deter-* 
mine the mean drop diameter of each spray ^ Swirling 
airflowa were produced with an axial combnstor, 70° 
blake angle * sir swirling. Water jets were injected 
axially upstream, axially downstream and cross stream 
into the airflow. In addition, pressure atomizing 
fuel nozzles which produced a sheet and ligament type 
of breakup were investigated* Increasing the weight 
flow rate of air or the use of an air swirling marked- 
ly reduced the spray mean drop size, Test conditions 
included a water flow rata of 68,0 liter per hour 
anti airflow rates (per unit area) of 3.7 to 25,7 g 
per square cm per sac, at 293 K and inlet-air static 
pressures of l.OlxlOS to 1*98x105 

3HTRODUCTION 

Experimental tests of water jet and sheet break 
up were conducted in axial and swirling airflows to 
determine in each case the effect of orifice diameter 
and airflow rate (flowrate /unit area, or airstraam 
momentum i pv) on mean drop size and, from these data, 
to detmonstrate the verall effect of an air swlrler 
on fuel injector performance. Water jots produced 
by multiple orifice spary hire were injected cross 
stream, into a 7,6 cm diam duct, with and without 
the use of an air swlrler, at airflow rates (per unit 
area) of 3,7 to 25*7 gm/cm^-sec and a water flow rate 
at 68.0 liters/lir. In addition, similar tests were 


conducted for axial npatream and downstream injection 
with single tubes, and for axial downstream and cross 
stream injection with pressure atomizing fnel nozzles 
A scanning radiometer that jneaauted the forward scat- 
tered light was used to determine the mean drop diam-* 
eter of the spray at each test condition* 

Air swirlars are often used to enhance the rapid 
mixing of fuel and air in the primary zone of gas 
tiirbine combuBtors to Impirr/a combustor performance 
and radur-' exhai**5* ^missions, as indicated in ref* (1)* 
Tims, Li^ta 1 • made with and without the use of an 

air swif r uo 'jetermine the overall effect of the 
air swirlar on injector performance as characterised 
jby the man drop diameter obtained in axial and swirling * 
airflows* duch data are needed in the design of ad- 
vanced fuel injectors for liigh performance gas tur- 
bine combustors* In the present investigation, an 
air swlrler and two fuel nozzles were tested that had 
been used in previous combustor studies as described 
in ref. (2). With this equipment, data for tbs fine- 
ness of atomization, as characterized by mean drop 
size, was obtained with and without the use of an air 
swirlar. Also, data obtained for the breakup of water 
jets were compared with data obtained for the breakup 
of water sheets. 

APPAKATOS AWD PROCBDURH 

Air drawn from the laboratory supply system was 
at ambient temperature (293 K) and pressures in the 
tests section were varied from lxl05 to l*98xlQ^ 

As shown in fig, 1, airstraam flow rate Was controlled 
with the valve directly downstream of the air orifice* 
The test section, also shown in fig, 1, was a 7,6- 
centimeter Inside diameter duct 15.2 cm in length and 
mounted, with a bellmouth, inside of a 15,2-cra inside 
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dlAm^teir duct 5 tt In length* The top of eoch test 
Injector wee located at the duct exit and a dietance 
of 11. d GJo upstream of the center line of the 7*3'- 
cm diameter laser light field* The air swlrler was 
located at a distance of 7.6 cm upstream of the duct 
eixt for all of the tests except those in which 
swlrler location waa varied from aero to 7.6 cm up^ 
stream of the duct exit* A scanning radiometer was 
mounted roar the end of the open duct test facility 
as shown in fig* 1. 

SCAimiirG RADXOUETER 

The scanning radiometer, shown in fig. 2, was 
used to determine the mean drop siae of water sprays 
produced at each test condition. The optical system 
shown in fig* 2 consisted of a 1-mW helium^neon laser, 
a 0.003-c«-d lame ter aperture, a 7.5-cm^dlara8cer col- 
limating lene, a 10-cm diameter converging lens, a 
5-cm-diametar collecting lens, a scanning disc with 
a 0.05 X 0.05-cm slit, a timing light and a photo- 
mul iplier detector. A complete description of the 
scanning radiometer and the method of determining 
mean particle diameters are given in ref. (3). Cali- 
bration tests of the instrument ware performed as 
discussed in ref* (4). 

AIR SIVRLBR TEST IHJECTORS 

The /O® h lade-angle axial air swirler and the 
pressure atomiaing fuel noxalea used in this investi- 
gation are shovm in fig. 3. As shovm in fig. 1, the 
air swirler was mounted 7.6 cm upstream of the fuel 
nozzle which was positioned at the duct exit. 

Two spray bare were tested. A schematic diagram 
of the spray bar consisting of 12, 0,033-cm-dinmetQr, 
orifices is shown in fig. 4. A similar spary bar 
consisting of 3, 0. 132-cm-d lame ter , orifices was also 
tested. The spray bar was positioned at the duct 
exit and the water jets were injected cross-stream 
into the airflow. For the axial downstream and axial 
upstream injection test of the breakup of single jets 
of water, two tubes having inside diameters of 0*102 
and 0*216 cm, respectively, were used. Physical 
characteristics of the test Injectors are given in 
Table I. 

RESUT.TS AND DISCUSSION 

Naan drop diameters were determined for sprays 
produced by axial upstream, axial downstream and 
cross-stream injection of water jets into airstreams 
with and without the use of air swirlers. Also, to 
determine the effect of swirling airflow on the break- 
up of water sheets, similar tests were made with pres- 
sure atomizing fuel nozzles- Test conditions for 
airflow rate (or airstream momentum) and water flow 
rates are given in Table II. 

The first type of injector tested was the spray 
bar shown in fig. 4. Two different spray bars having 
orifice diameters of 0.033 and 0,132 cm, respectively, 
were used for the study of cross-stream Injection 
of water jets. The effect of air flow rate on mean 
drop diameter is shown in fig, 5. Good agreement 
was obtained with ref. (4). A marked decrease in 
mean drop diameter was obtained as airflow rate was 
increased from 3.7 to 18.3 gm/cm^-sec. Mean drop 
size was further reduced when a swirling airflow was 
used to atomize the water jets* With axial airflow, 
decreasing orifice diameter by a factor of 4 decreased 
the mean drop diameter approximately 20 percent. In 


a ewlrllttg airflow, the similar flttonoas of atoalaa- 
tlon of small and lax’ge water jet a waa attributed to 
a greater penetration of the larger jete into the 
ewirllng airflow which would provide a larger liquid 
eurface area for breakup. At a relatively high air- 
flou rate, the uae of an air ewlrler gave a reduction 
In mean drop aixe of 20 percent with the large orifice 
•pray bar* A decreasing percent reduction in mean 
drop aixe wne obtained with both spray bars as airflow 
rate wax Increaeed. 

In tlie next set of teats, sln^e jets of water 
were injected axially downetream througli two different 
tubes liavlng ineide diameter of 0.102 and 0.216 cm, 
reepectlvaly, aa shovm in fig* 1* With an axial air- 
flow rate of 7.3 gm/cm^-sec, as shown in fig. 6, the 
mean drop diameter waa approximately 20 percent lea« 
for the large diamt ar tube as compared with the 8mall 
tube. This was attributed to the fact that the liquid 
jet velocity was much lower for the large tube than 
the small tube, l.e., 5*2 and 23.3 m/sec respectively* 

A lower jet velocity made the velocity difference be- 
tween airstream and jet greater and hence the L..^m8ntum 
transfer rate was higher for the large diameter jet 
as compared with the small jot. At a high airflow 
rate (25*7 gm/cm2-sec), mean drop size was nearly the 
seme for both tube sizes since velocity difference 
was nearly the same in each case. By using an air 
swirler, the man drop diameters obtained with both 
the largo and small tube injectors were decreased ap- 
proximately 50 percent. Also, comparison of figs. 5 
and 6 shows that moan drop sizes were considerably 
larger for axial dovmstream Injection than those ob- 
tained with cross-stream injection in axial flow air- 
streams. However, when an air swirler was used, both 
types of injection gave nearly the same mean drop size 
at high airflows. 

In the final tests of liquid jet breokup, single 
water jets were injected axially upstream (contra- 
stream) into axial and swirling airflows* By re- 
ducing orifice diometer approximately 50 percent, as 
shown in fig. 7, mean drop size was decreased 15 per- 
cent with breakup in axial airflow, Wlien an air 
swirler was used, dressing the orifice diameter de- 
creased mean drop size by approximately 40 percent. 

Of all the methods tested in the injection of water 
jets, axial upstream injection from a 0*102-cm- 
diameter tube orifice into a swirling airflow gave 
the smallest mean drop diameter, i.e., 10 pm at the 
highest airflow rate. Also at this condition, it was 
difficult to obCftiti data since tha orifice froze up 
if the water flow rate was not preset before sotting 
tha airflow rate at 18.3 gm/cm^-sec. This was at- 
tributed to the very rapid rate of atomization and 
evaporation cooling produced by a high concentration 
of small drops being blown back over the injector tip. 

The effect of distance between air swirler and 
orifice on mean drop size is shown in fig. 8 for the 
case of water injected axiolly upstream from a 0.216- 
cm-diameter orifice. Minimum mean drop diameters were 
obtoined at an optimum distance of 3.8 cm. At high 
airflow rates, the spacing between air swirler and or- 
ifice had only a smell effect on mean drop diameter. 
However, the effect increased markedly as airflow was 
decreased. Thus, particularly at lower airflow, the 
location of the air swirler relative to the orifice 
would appear to be a very important criteria in the 
design of fuel injectors. 

In tha final tests, water sheets produced by 
pressure atomizing nozzle were injected axially down- 
stream and also cross-stream into airstreams with and 
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without th« uaa of an air awlrlar* As shown In 
fig. 9, the two pressure atomlilng noszles gave ap- 
ptoxlmately the same mean drop alas for axial down* 
stiream Injection into an axial airflow. This was 
ettrlhuted to a collapsing of the spray cone as air* 
flow was increased which provided a smaller liquid 
surface area for breakup. However « when the air 
swirler was uaed, the mean drop diameter was approx* 
imately 10 percent less for the noaxls with a small 
orifice diameter (0.23 cm) as compared with the noa- 
ale having a larger orifice dlanetex* (0.3A cm). By 
using swirling Instead of axial airflow the mean drop 
diameter was decreased by 30 and AO percent with the 
large and small noazlesi respectively « at a high air* 
flow rate (18.3 gm/cm^-sec) . 

Mean drop sixe data were obtained for cross 
stream injection of water sheets into axial and 
swirling airflows as shown in fig. 10. In the case 
of axial airflow, the small orifice nosale produced 
a 15 percent smaller mean drop diameter tXmx the 
large orifice nossle at low airflow rates (7.3 gm/cm2- 
ssc) and approximately the seme mean drop size at 
higli airflow rates (18.3 gm/cm^*8sc). whsn the air 
swirler was used with a high airflow rate, mean drop 
else was reduced approximately 30 and 35 percent for 
the large orifice and small orifice nossles, respec- 
tively. Cross stream and axial downstream injection 
with pressure atomizing nozzles as shown in figs. 9 
and 10, gave approximately the same mean drop size 
in high flowrate, swirling airflows. The cross 
stream method of Injection into alrstreams was in- 
vestigated since it is occasionally used in agricul- 
tural aviation spray applications. 

The mean drop diameter data given In Table III 
were obtained for all Injector types and orientations, 
with an airflow rate of 18.3 gm/cm^-sec. Keproduci- 
bility of mean drop size measurement was ±5 percent. 
Since a mean size of leas than 10 um could not bo 
measured, the smallest mean size was indicated as 
being <10 ym« Comparing liquid jet and liquid sheet 
breakup data for cross stream injection shows that 
mean drop size was decreased to approximately th<^ 
same value of 2A ym when an air swirler was useo. 

For this condition, orifice diameter appeared to hove 
a negligible effect on mean drop size. 

SUMMARY OF RESULTS 

At the same airflow rotes, injector performance 
was consistflQtly improved as characterized by a reduc- 
tion in mean drop size by using swirling Instead of 
axial airflows to breakup water jets and sheets. The 
greatest reduction in mean drop diameter (55 percent) 
and the smallest mean drop diameter (10 ym or less), 
were obtained by axial upstream injection of a water 
jet at a velocity of 23,3 m/aoc from a 0.102-cm- 
diameter tube orifice into a high flow rate swirling 
airflow. For the breakup of water sheets, the best 
results ware obtained with a 0.23*cm*d lame tor orifice 
pressure atomizing nozzle injecting water axially 
downstream into a high flowrate swirling airflow. 

This configuration gave a mean drop diameter of 22 ym, 

i.e., a reduction of 44 percent in mean drop diameter 
with swirling Instead of axial flow. 


1. Ingobo, R. D.* Poskocil, A. J., and Horgren, C. T., 

'*Uigh"Fraseure Ferformance of Combustor aegraaots 
Utilizing Pressure-Atomizing Fuel Hozzles and 
Air Swlrlers for Primary- Zona Mixing," NASA TM 
D-6A91, 1971. 

2. Ingobo, R. D., and Norgron, C. T. , "High Pressure 

Combustor Exhaust Emissions With Improved Air- 
Atomizing and Conventional Pressure Atomizing 
Fuel Nozzles," NASA TN D-7154, 1973. 

3. Buchele, D. R., "Scanning Radiometer for Measure- 

ment of Forward-Scattered Light to Dot ermine 
Mean Diameter of Spray particles," NASA TM 
X-345A, 1976. 

4. Ingebo, R. D,, "Effect of Airstream Velocity on 

Mean Drop Diameters of Water Sprays Produced by 
Pressure and Air Atomizing Nozzles ^ NASA 
TM-737A0, 1977. 


3 



E-9e47 


TABI 4 S I. - BSJEGIOR CBAMGXBRISTIGS 


Inj actor 

Orifice 
diametei* , 
cm 

Inj ectioii 

velocity, 

m/sec* 

Spray bar 



12 orifices 

0.033 

18.4 

3 orifices 

.132 

4.6 

Single tube 



Small orifice 

.102 

23.1 

Large orifice 

.216 

5.2 

Pressure atomixing 



Small orifice 

.230 

4.6 

Large orifice 

.340 

2.1 


^Measurad at a water flowrate of 68.1 liter /hr. 


TABLE II. - AIRFLOW TEST CONDITIONS 


Airflow rate 
per unit area, 
gm/cm-sac. 

Inlet“-air static pressure 

Without air swirler, 
N/ni2 

With air swirler, 
N/m* 

3.7 

1.01x10^ 


4.6 

1.01 


5.5 

1.01 


6.4 

1.01 


7.3 

1.08 

1.15x10^ 

11.0 

1.12 

1.39 

14.7 

1.17 

1.67 

18.3 

1.24 

1.98 

22.0 

1.32 

— 

25.7 

1.43 

— 





TABLE III. - MEAN DROP DIAMETERS, M, FOR BREAK UP WITH 


AIRFLOW RATE OF 18.3 gm/cm^-sec 


Ini ector 

Conventional airs tr earns 

Swirling airflows 

Cross stream 
inj ection 

Axial injection 

Cross stream 
inj ection 

Axial injection 

Downstream 

Upstream 

Downstream 

Upstream 

Spray bar 







Small orifices 

^24 





23 





Large orifice 

31 

— 

— 

23 i 

— 

— 

Single tube 







Small orifice 

— 

45 

22 

— 

25 

^<10 

Large orifice 

— 

41 

27 

— 

19 

17 

Pressure atomizing 







Small orifice 

35 

39 

— 

23 

22 

— 

Large orifice 

35 

39 

— 

25 

28 

— 


^Mean dxop diameter, ym. 
°10 ym or less. 
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Figure 2. - Scanning radiometer optical path. 
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Figure 3. - Pressure-atomizing nozzies with airswirler and fuel tube. 
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AIRFLOW IN TEST SECTION 

Figure 4. - Schematic diagram of multiple-orifice spray-bar. (Dimensions 
are in centimeters. I cnsiwn> 



MEAN DROP DIAMETER, micrometers 
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Figure 5. - Variation of mean drop diameter with air- 
stream momentum for cross stream injection with 
spray bars. 



Figure 6, - Variation of mean drop diameter 
with airstream momentum for axial down- 
stream injection with singie tubes. 



MEAN DROP DIAMETER, microns 



ORIFICE 

INJECTION 

TYPE OF 


DIAMETER. 

VELOCITY, 

AIRFLOW 


cm 

m/sec 


0 

0,216 

5.2 

CONVENTIONAL 

□ 

.102 

23.1 

CONVENTIONAL 

• 

.216 

5.2 

SWIRLING 

■ 

.102 

23.1 

SWIRLING 


40 



Figure 7. - Variation of mean drop diameter 
with airstream momentum for axial up- 
stream injection with single tubes. 


AIRSTREAM 



AXIAL DISTANCE OF AIR SWIRLER UPSTREAM OF 
ORIFICE AND DUCT EXIT, cm 

Figure 8. - Variation of mean drop diameter with axial 
upstream distance between air swirler and injector 
orifice. Water injected axially upstream with 0.216- 
centimeter inside diameter tube. 



MEAN DROP DIAMETER, microns 
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Figure 9. - Variation of mean drop diameter 
with airstreara momentum for axial down- 
stream injection with pressure atomizing 
nozzles. 



Figure 10. - Variation of mean drop diameter 
with airstream momentum for cross stream 
injection with pressure atomizing nozzles. 



